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s(l]trillt  IJclliivior  of cxcc. rltjiol) o f  IIllllti])lc  collcurrc]lt
I,r]laviors. ‘1’lIc dillwllsiollality of t h e  cxccutio]l sl)acc
ofcacl[ Iwliavior aTId tile rcsultrrllt l~cllaviol  CaII I)c c5x -
tclldrd to tllc CIilllcllsic)llality  of tlIc colltrol]ed llIcclI-
allis]ll. ‘J’ask dcscril)tioli col]sists of dccorll])osi[lg  tflc
d e s i r e d  cxccutio~l  iiito tlIc Iilllltij)lc sitllultallcous llc-
]Iaviors. l:iiclI  l)c}lavior  gcjlcratcs IImtic)ll CCIIIIIIIaIIdS

ill its OWII ljcllavior s])rrcc. ‘1’IICSC  sitlllllla]lcmms  col II

lIIal Ids arc IIwrgcd  irI a COl II II IOII IIlotiolt  s])dcc  to COIII-
])llte  a  resultant COIIIIIIaIId  to tlIr )Imlli])llliitor.  ‘J’tlc
t a s k  slIacc ofcacll l)ellavior  cal  I lIavc  tllc dilllctlsi(~llal-
ity  {)f tlIr’ lllCCllillliSlll IJcitlp; colltrollml.  ‘J’l Ic arcllitm
tllrc is a]l])lid to collt  rol of a scvcl  I 1)01” IIlatli])lllatot.
‘J’]Ic rcst)lts rIIC a lso  a],],lical)lc tc, c)tllrl  rcdlltldalit :111(1

IIoll-re(lllrlclallt  IIlallil)ulators Ivitll  variolis IIullll)crs  of
1 ) 0 1 ’ s .  l’rrvims work  lIas dcscrilld tccliliiqucs for
corll])lialll llmi.ioll  control [1, 2, 3], sllarcd cotlt  r(,l [4],
aIItl rcd LIII(la IIcy rcsollltioll [b, 6, 7]. ‘J’l Iese ca]ml)ili
tics lmoIIIc  a slllwct of tllc IIlorc  ~,c]l(’ral arcllitcctllrc
dcsc  I il)cd  IIcrc.

2 (TOIIIIWI A  rcllitcct.l]rc for Mull. ij}le
Sil]-]llli;tl)eolls  1 ]el]aviors

‘1’]Ic cc)lltro]  arc}litectulc fot Sillllllt  illl CClllS cxectlti(nl
o f  IIll)lli]llc  coiltrol  l~cllaviors  i s  sltmvlt  ill ]’ip,urc 1 .
‘J’IIc Applinr(zon , f ’pare  illcltldes al] ]}otcll~ial  a])])lic:b
timl  tasks lvllicll  tllc rol)ot cwltrol systc]ll IIlust  Iw
al)lc  10 :iccc]tll])lis}l. ‘J’]Irw a]]]) ]icatiol] tasks COII](] ]W
s(,(j IIc  IIccd to:ctltcr to acct)llll)lisll  a l a r g e r  task. l;xc -

cutioll  of a g,ivcll rr])])licatioll  twsli cal  I lw dccoIII]Ioscd
into colicllrrclltly exccut.  itl?, l~ellavlors. 1“01 Cxfilll])l(’, a
door” oJwlliIl~, task collld  (Itilize a trajectory ~$llcrilt(lr
to p,cllcratc tllc llo)llillal tcajcctory Ivllilc  force corltrol
adds sIIIall ~~crtllrl)atim)s  to ii(ljllSt  for errors }wtwccll
tllc ]Ilal IIIcd t r a j e c t o r y  aIId tlIe  ])llysical  systctll III(}
timi. ‘J’lic (JoIIITIIcrnd  7tI lltLovio7 fllrry ])crforllts tllc
lllil])]jill~, IIctwccll  tllc twli alId  tllc rcquird COIIClll  -
rcllt I)c]laviors. ‘J’llis colIld  l~c dmie alltoIIl<ilically  or
tl}roup,ll illtcractioli }Vitll all ~)])~lat~)l’.

‘J’IIc l{ehfrvior  S]mcc illcludcs all of tllc itldcllctldctlt
corlt rol lwliaviors. lhcll co]lt ml Iwllavior cxccutcs ill
i t s  mvlt co]it ro] s]}acc l)cforc tllc rcslllt ant co)lt rol ill-
I)llts  are tralisforllw(l to a COIIIIIIOII limtio]l  s])acc.  ‘l}a-
jwtory ‘J}ackirl~  is a co]ltro] Iwll:ivior  Ivllicll ])rovidcs  a

trajectory p,cllcrfitor  to gcllclatc real-til]w trajcctorirs.
‘J’lIc ‘Jklm]wratio!l  l)cllavior triliw r e a l - t i t l w  ollerator
illJjuts s l id  ~,ellcrat.cs  collt  lo] ill])l)ts. l)itlicr gellci-atcs
sIIIall ]mriodic  ditllcr corltrol ill])llts. l’orcc  ‘J’rackillg
]]rovides  colltro] of contact f(mccs })ctwwll  tllc ]llal)i],-

ulator aIId tllc cl}virorllllcrlt.  hlalli]llllallility colll])lltcs
aII o}jtitltltlli  rirlll collfir,llratio]) alI(l ~,ctlcratm corltro]
ill]luts (o II Io~’c tm’ard il. Sillp,\llarity Avoidance  p.(lI-
ertites colllrol ill])ut.s  to kcc]) tllc :Irfll a}~ay  frwll silb
~,ularitics. Joitlt l,illlit Avoid  a]lcc  p,cliclatcs control itl-
])IIts to k(,c]) tllc arill a~vay flolll j(~illt lilllits. ol)star]c
Avoidallc(  ~,(llrralcs colltr(ll ill])uts t{) ])rcv(llt colli-
si(,lls.  l’roxilility  ~,(llctatcs collttol” itl],llts  to co]ltrc)]
I,roxilltity to a  rca] or virtlta] <,},jcct. \’i Shill ‘I’ra(k -
i[]p, gclkcrates co]ltrd ill])uts to ])rovidc Visll:ll scrvc~il+,.
otlicr l,r}laviors colll(l  als(I I)c ])rovi{lc(l.  1 ;:Icl I l)cllav-
ior }1:1.< c(IIIIt II:il Id ]Jatalllctc]s tliat sl~(cify  i t s  ()])cr:i-
tiwl  :il I(l Ilsc of real alId  Yirtlla!  s(]isor (Iilt;l.  \’iltllrrl
sc]lsors ;Ir( tll(ri(,  that (lcrivc (lata, I)(jssil)ly  ft~jlll real
sclls(~rs, c.~,. , ii joiflt lilltit or sitlg, ill:trity setisor delivcs
(Iiil;i fro],,  I(ZII joil)t ])ositio])  srIIsoIs.

More colIIl)lcx  rcs(}]tarlt  I)(llavic)rs  c?iII I)c ~,crlcr-
atcxl I)y collcllrlclll  Pxccl]liorj  of il]diiidllal I,cllavi(m,
]’or cxal III Ilc, a ])olisllirlp,  l~cllavior  IIlil)’ l)C Colil])oscd
[If tcl~,c)]~eraticjrlj f(jlce track irlr,, ltl:llli],lll:tl]ility, joirlt
lililit  iivoidallcc, olwtac]c avoi(lalicc,  aIId sitlf,lilality
avoi(lallc{.  ljclIa~’IoI.\, ‘J’(l{c)]~(r:tti{,ll F(JII1(l alloJv  lIIO
tioll  ill])llts l~y al I o})crator cnlly tatlf,clltial to tllc s\lr-
facc  1101  lIIal. l’o]cc  t rackitlf, c(~lll(l ]~r(lifi(lc a collsta!ll
f(,rce  ap,ai]lst  tllc sllrfacc. hl:ilti])ill;il) ilits COIIld  co!ltlol

tllc iirr!l collfi~,llratio]l  for ()}ltilllill control of fillc folc(,s.
,loirlt lilllit  ?Iwidatlcc,  o}mtac]c  avoi(l:irlcc  ar]d sill/, ular-
ity  :ivoid:i]lcc  M’OUlcl liec~I t}lc arlll flolll Cc)llisiolls and
sitlglllaritiw. ‘J’l Ic o]mrator lvolll(l tllctl oli]y  lIavc  to
]Irovi(lc  t}lc Ilmtiotl  owr tllc surface. ‘J’IIc allto]loll)ou$
systrill woIIld ]Irovidc  tllc rcsl of tllc cc)lltr(ll.

2.2 h40tio]l  S] I:Ic-c

‘1’lIe fifo#io7/  .~]I{Icc is tllc collllll{)rl control sl,acc f o r
a l l  I,cllaviots.  Nlost  ~,cllcral  ],llrl)osc s i x  1)01” IIlaljilj
ulators w i l l  lIrIvc h IIic)tio]l s]mcc  dcfilld to l)c tllc
]Jositioll  aIId oriclltatioli of a  too]  lIcld ill i t s  ciI&

cfl’cctor.  hlecliallistlls >vitll  ]Ilore tlIa II six ]Iwcllfillical
1)01’s  lIa\fc })cclI rcfrrrcd to as fiillclllaticrr]ly rcdulb
da]lt  [8, 9] sillcc  tllc clwsical ]~rol~lrlll of cll(l-eflictor
Imsitiol]  alI(l oriclltatio]l control for a s])at  ial Iltalli}lu-

lator CaII I)e lIalIdlcd I)y a s i x  1)01:  rol)ot. ‘l’ask rc-
quirelllcrlts  oftc]l  dic~atc a  task S]I:IC( of diliicllsi(jll
p,rcater tliall six. ]’or so called kirlerllaticillly  rcdutb
d:irlt rd)ots, a IImtioll  sJ)acc  is defi IIc(l t h a t  sl)arls  all
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l’igutc 1: ‘1’ask clccc]lll])c)sitiol] rrIId control for  mllcllrrcllt l,cllaviors

of tlIc IIwcllallical 1)01’s. ‘J’lIc IImtioil  sl)aw o f  tlIc \vllcre Al is tlIc illcltia IIla(rix, Ii i s  llIC diillll)i]lg  llIa-
WVCII  ])ol~ IIlalli]lulator IIsed llcreillclildcs asix l)O1;
coordinate  fralllc (tl Ic lKII’I;IJANT(;IJ  frallm), aIId aII
‘(arjll HII/,lc” l,aralllctcr wllicli  dcscril)r+ tlIc itltcrllfil

collfip,llratio]l  of the artn [8, 6]. ‘J’lIc ~rlll  WIF;lC,  rw~”
sclltcd l)y @, is drfil Id as tlIe al Igle l)ctwvclI  tllr ]Ilal  Ir

]Jassillg  t,llrcmg,ll tlicsllc)lll(lcr, elt)c)\\’, alId  ~vrist ]Joillts

aIId SOIIIC rcfrmllcc lJlalIe; wc CIIOSC tlIc vertical l)lalIc
lleri.

lI;:iclI lxllavior lIIay colll])utc  colltro] itlI)llts iI] a
ulliq(tc fralllc l)ut  tllrw ill}~uts am tr:i Ilsforl Imd illt.o
tile COIIIIIIOII ]Imtiol) s])acc to IJC ]Imrgcd  top;ctller rc-

sl]ltillf, ill a  si]lglc d of IImtioll cc)liltllallds. ‘J’tlus
eacII  I[mtioll  1)01’  CaTI receive ill]lllts frolll IIilllii])lc
Iwllaviors. hlc)tioll  S]mcc  c.o)ltro]  i s  doIIr IIcrc  usillp,
illllwd:illcc  colltrc]l  [1] l)ut, w’itll tlI17 cxl)alIdcd rrl)ility
toliwrgc lllult.iJJlc  colltro] illl)utscitller as ]Jc,sitiotl  ill-
l)uts or force iIII~uts [10]. la addi(ioll, t}Ic illllwdarlcc
rqua[io~i ciil I I)c cxtcvidccl bcyo]td  s i x  1)01’s  to rlmtcli

tlledillw.lisioli  c,ftllellmtiml sljacc. ‘J’llchlotio]l  Slmcc
illl]wdallce  cc)lltrol  cquatio]l, as slIowII ill figlirc  1, is

Af. (~c -  ~,)-I ll.(~c- ~,)

-I K. (XC- xl) = };1’; (1)

.,
trix, K  i s  tllc stifltlcss IItatrix, X. i s  tlIc refcrellcc
trtijcctory, XC is tllc cot II II Ial Idcd j~ositicul,  :IIId >:1’~
i s  tllc sul II of all I}cllal’ior  illljlits lII:IjJl)rd  to f o r c e s .

lkllaviors ear l  a lso gclleratc ]Jositioll  COIIIIIIaIIdS  alIcl
IIwrgd Ivitl[ tllc rcfcrcllcc trztjcct~)ry.  l;~lll~itic)ll I i s
iilljllcIllmltcd }Yitlt

J~ll+l . J~;L41  .1 AI-  I .[}; l};’

11.  ( ‘i: - ‘i;’+’). ]{ . (  JX:. ‘x;’i’)]  (2)

‘J’llis gives  t]Ic  d e s i r e d  acccleratio)i c,f t]lr llmc]laIlisIll
ill ilIc  hlotioll S]lacc. ‘J’l Ie IImtiol[  CO II II IIaIIdS arc tlIeII
IIIa])J~ed into tlIc  act. rlator sl)acc c)f tllc Illrcllallislll.

2.3 Actuator  S]mcw

‘J’lIe Acfucrtor  i$]Iacc is clcfi  IId as tllc s]mcc  of rtc-
tivc actuatiml of tllc ~Ilcclla~lis~ll. hlcclla]]isllls  wllicll
lIavc  lncme tlIalI six actuatc,r 1)01’s fall irlto two gel,cral
categ;orics, ki[)c]llatically rcdaItdaI]t  and actaatimially
rcdu IIdrrIIt. ‘J’yJJical]y, Iiillclrla tically rcdl]tldallt IImc]I-
allisllls have additional lw]laviors  associated with I)c>
sitic)tl ril Id actuatiollally rcdulldatlt,  ltlalli]~ulators  lIrIVc
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a d d i t i o n a l  l~cllavicms  a s s o c i a t e d  With f o r c e  [~)].  hla]J-

ljirt,g frorl]  tlte aj)l)licatioll ,clcfiltd lIIOtiOJ] SIEtCC  to t h e
ac(llator sl)acc of tlIc lmcllallisr]] is ofkrl referred to ~$
ilivcrsc Jii]letnatics  for ]msition  scvvod actuatc)rs and
force to torque IIlal)  for force-torque scrvod actuators.
]“or tIIost  al]l)licat imts  tlic rliotiol] sIJacc slIould cmJl-

l)lctcly  Sl)itll tlIe a c t u a t o r  sl)acc  o f  tllc II]alli])ulator to

l)rovide lhc widest array of lwllavic)rs  for task cxcc.u-
tioll. ‘J’lIc lila~~l~illg  i s  tllcli ollc-to olIc al]d  CO IIIIImI
Jacoljiati tralisrmse artd  Jacol)ian il)vcrsc tcclllliqucs

a])]jlJ’ [11, 12]. lftllcre arc ~lmrc 1)01”s  ill tllc actuator
SI):ICC tllall it] tlIc ]Imtior]  s~)acc, tile lllal)l,ill~ is llrldcr-
coIlstrairlcd aIId a varictjy  oft.eclltliqllds  cal  I I)c used  ill
cludirlg l)scudOi]lvcrsc [13] or IItil)ir)mll)  Iiillctic elmr~kv
[!)]. (k,),vcrscly,  ir tl,crc are fclvcr  1)01’s  i], llIc actl\n-

tor S1);ICC  t,liall tJIc IIlotio]] s])ace, tlIc l)rol)lclll is ovcr-
corlstrairlcd and dallll)cd  lcfisl-squarrs [14, lb, 16] rtIId
c)tlwr  tecllttiqrlcx are .mr. ailaldc. (;arc II)llst l~c tfikcll
t o  assllrc lllat a oIIc-to olIe IIlal,l)illg l)ctivcrlI IIwtiorl
sl)arc aIId firtuator sl)acc d o e s  ]Iot dcgcrlcratc a t  o r
IIcar  a sili~uliirily.

‘J’IIc  l~rcscllt  illll)lclllclltfitic)ll u t i l izes  joint l~ositioli
s e r v o s  s o  illvcrsc killc]ilatics is usd to colli]~l)te  joirli

aIIp,lc sctl)c)illts fro][) tlIC hlotioli SI):ICC accckratiml
ol)t])ut. ‘J’lIc Mot  io]) Sl)acc vc]ocity vcc! or is collll)tlted
wiill

1~11-11 : 1~:1  ., l~uil
c .< AT (3)

Altllollgll  Jac.olliall irlvcr-sc rolltillcs cc)uid I)c u s e d ,
cl:IIIIl)ctl-lr:I.<t, sqllares itlvcrsr i s  used llrrc t o  al-

;l)}vf~trtllcrt: isk~)ric)riti  zatic)l] alldsillg,ularily  roljust -
lIws. 'J`llccl?l llll)ccl-l(`:is  ts(lLl:ircsi  ll~'crsci  sclcl'cl(~l)c(l  ill
[14, 15, 16] aIId a,~l~licd to rdu],datlt arri,s it, [6, 17, 7].
‘J’}Ic Nlotioll S])iicc  ve loc i ty  vector of tllc ]Ilii]li]jlllator
lIiIs tltrec translational coordilltitcs, tllrcc orirrltatiml
c(wrdiltatcs alrd  tlic arln aIIglc  [ 6 ] .  A  co]ll])ositc Ja
COlliilll i s  forllmd  froll] tllc irldividual  Jacol)ia)ls that
rc]atr tl]c rate of cllallgcof tllcjoitit aliglcs totlle rate
o f  cl)allp,c o f  tllc IImtioll Sl)ace  l)artillleters, IIcrc tllc
collll)ositc  Jacol)iall, J(:)  is p,ivcl, I)y [7]:

wllcre T is the vclc)c.ity rcfercrlcc lmitlt, ~,i is tltc 2 axis
ofjoirlt i, arIcl }’i,~ i s  tlIc pc)siticnl  vcc(c)r  frc)ln tltc ii)t

IiIlk fralw tc)tlle velc)cit,y rcferellccl)oillt r  [ 6 ] .  ‘J’lIC
arlli angle Jacc)l)iall is  availaljlc fro]]) [G, 7]:

wl(crc w : 1’0,7 , [! = 1’0,4 , ~) = c!-  ti’(d’(!) ,  l~q,
is t!le vector sl)ecifyillg tllc reference l)lallc, II : (w X

~~) x w , II; istlle en, mv linear vclocityJ[icc)l)i:ill,  arid
W is tlIe ~vrist lilicar vc]ocity Jacol~iarl.  N o t i c e  tl~at
rlmst  of tllc reciuircd data for Jc: “IS {iv; iilal]le as a I)y
l,roduct froril  afc)r~rard Iiillel  llaticiteratiorl [7] .

NOW Jvi[ll tllc IImtiml  s])acc COIIIIIIaIId  v e c t o r ,  ~C,

a]ld  tile ]Ilotio]l  t o  a c t u a t o r  sJ)acc  riial), J(’,  t]le
jc)illt s e r v o  velocity COIiIIIIaIId S CaII I,e collll,uted IIS-
illp, dalll~)ecl-least squares lvitli

Jvllere  lt’~ is a diagolla]  t a s k  wci~lltirlg Irlatrix t h a t
lClilt C’S tile r e l a t i v e  l)riorities of tile twks. IVV is a
diagotlirl  ve loc i ty  Jvciglltirlg  lllatrix Jvllicll wcigllts tllc
l)orllt  of joilit vclc)citim. lt is  ilnl)ortallt tollote tliat
Ivllile  a IIoll-y,ero lfr~~ IIlatrix lvill l)rovide rol)ust!less t o
sill~; lllaritics l)y lilllitirlg  cxccss joirtt velocities, it Jvill
a lso  irld(lcc  tr:iclii I]g error over tile erlt ire works j)arc,
liysettill~ll’~ toiclclltity and IITI, tozcroastallclard
illvcrse Jacol)iall result i s  ~jrovi(led  }~itll tllc SaIIIC al
F,oritllli).

3  IIldividl]al  IIcllaviors

A s  SlIO\VII  ill figure 1 , var ious  illdividlial  l)cllaviors
CaII exccllte collcllrrclltly. A llcllzr~’ior CaII ge]leratr ci -
tller I)ositiol)  co)nlmrlds, }vllicll a r e  )llrrgecl  lvitll  ilte
rcfcrcllce ~msi!ioll  t r a j e c t o r y  011 tllc lrti siclc of lJqlIa -
timl  l,c,rf{)rcc c{)l Illllallcls  }J'llicll arc~llergccl  ~~illl>~l'~
011 tllc rigl)t  IIalld  side of tile cquatioll

wllerc J&’ is tl)e angular  ve loc i ty  Jacol)ial], J1’ is tile ‘Jklcol)cratioll issllowll rrs al)ositiorl l)ascd  ill~,utiti
lilrcar ~clocityJ;icc)l,iall,all(l J@ istllcarlri allglr Ja- l:igllre 1 l~ltt is illll)lelllellted  as a force l)ased  iilj)ut,
colliarl. J’” aIId J“ arc r e a d i l y  a~’fiilitl)le using []8]: r e l a t e d  t o  itij)ut vclocitics, llcre. ‘1’lte i[lj)ut vclc)city

( )

J;
IImtioll  l)y t i l e  o]~erator  Ivitll a  six ])ol~ IIalld COIl  -

J; :
troller is trtirlsf’or]rlecl  toequivalellt \felCJCitieS,7’~b,irl

tlletclec)l)cratic)ll  l)cllaviorfrtr]lm,

( ’

‘J’J;], ];()]’ (’J’), h.<Cd

z] 2? . . . i?

)
(.5)

U])oll  tile s e l e c t e d  telcol)eratioll IIIOde [10]. ‘J’lIcsc vc-
;J X ]>],7 ;Z x 1’2,,.  ... ;7 x  1’7,1 Iocitim i,re IImllil,licd l,y a  da]lll,ill~ IIlatrix, ~~t, to
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COIIIIIIIte  tlIc f o r c e s  it) tllc ‘J’l(; I, II;OI) fra~lm and t~lcll
trallsforlld tc) cquivalellt f o r c e s  in tlIc lhll’l;l)A~lI;
frallir will!

(8)

wllerc qj i s  a rigid Imcly force trallsforr[latiml.  ‘1’lIf2
daln],illg IIlat,rix, IJt, call  l)c U s e d  tc) Sf.’lcct olmralor
irll)ut directior]s. ‘J’lIe ol)cratcm  ili~)uts  artll aIIg]c  v e -
locity l~y ])rcssillg a trigger olI tlIc IIalld  controller alIcl
CII:IIIECS  lIIC si~ll IJY ])rcssillg a  l)uttolI  olI tlIr h a n d
c(}lltrollcr,  A l l  of tlIc al~ovc trallsfc~rlll:itiolls arc SCWII
(Iitllt,llsiolla]  so tllc i]lljllt arlll angle is also traltsforllld
to a  t“orc< ill tlIc Molioll S~IaCc.

]:orccs arc ]Iot colltrol]cd d i r e c t l y  }Viill il]l}~cdallce
coll(rol. l{atller, a l)ositioll  srtj)oi][t is sl)ccificd inside
tilt Ol)jcct  alId t)lc actrlal stctidy state al)l)lid force  is
a fllrlctic)]l  o f  l~otl] (lIc  targ;ct stiflllcss and tlIc  l~osi-
tiorl  error. ‘J’llis rrl~l)roacll is availal)]e with this illl~]lc-
IIw]ltatiol), l)ut, riII alkrllativc a~~l~roacll IIas a l s o  l)CCII
illl])lcvllclltcd.  III t}Ic alternative a])]) rcmch, a rcfcrcvlcc
(desired) force is s~)ccifid and tllc diffcreltce I, CIWCCII
tllc rcfcrcllcc alId  actual forces ill tile 10 I{CI;  frallle is
IIscd 011 t.llc rig;llt siclc of l’;quat  ion 1. ‘J’l IeII exact force
col]tro]  is ljossil)lc l)y scttillg lIIC rcfcrcllce stifl”llcss,  K ,
aIId tllc rcfcrcllce tr:ljcct,ory vclc) city arid  accclcratiml
to zero  ill force  colltrolld  1)011’S.  Assuilii]ig that tfiC
c}l~’irc)l)]!m]lt CaII })c ]IIodcl  A as a slifl”tlcss  \vitll  sl)ritlg~
constant l’c,,t,, tllc a~j~)lird force  itl a 1)011’ will I)c

w]lrrc 0, is tllc ]~ositic~]l at tllc in i t ia l  contact l)c)itlt..  lf
2.C : 3’C - 3, , tlIcl I tllc iln~)cdarlce  cqltatio)i  (Jvitll  1 1 0

stifl”llcss)  for this 1)01’” is

III steady state tlIc des i red  aIId actllal al]l]lid f o r c e s
Ivill lJC cqlla] f o r  ally targd ir[llxdallcc l)aralllctcrs
Ivllicll ])rovidc stal)lc cor]tacl f o r  tlIc cllarac.tcristic

wllcrc III is tlIc II I:ISS tcrtn c>f hl, 1) is tllr’ dallll)illg  tcrltl

of IJ, :IM1 ~clltl i s  tllC stiffrlcss ill tlIC forcC colltrollc~l
1)01’.  l;itflcr aI)l)roacll t o  cc)~itrol o f  forms i s  avail-
alIlc  if tlic diflcrcllcc lwtIvccII  tlIc rcfcrcllcc and a c t u a l
forces is added to tile right IIalld  side of l;quatioll 1.
‘J’llis is SlIOIYII ill f igure  1  wit]] tile diffcrcllcc l; - II;.

‘J’lIc tr:ijcctory gcrlcrator I)ellavior coll)l)utrs t.lie
rcfcrcrlcc t rajcctory accelcrat ion ~T, velocity A;r, and
l)ositioll X1 . ‘J’llis t r a j e c t o r y  i s  colnl)lltcd  ill tile

IIolllillal  Imtiml frallm alId  tlIct I trarlsforllled t o  al I
cquivalm]t )notio]l  irl tllc IMI’I;I)AN(; I; fralw. IIy

IIavillg  a IIo]i-rillal IIlotiml  fralnc d i f f e r e n t  frolll t h e
lMI’I;I)AN(;I’; fr.arllc,  a OIIC de~rcc c)f frccdo~ll  rota-
tic)ll in tllc Ilolnitla] IIdic)ll fralnc i s  all a r c .  ill t)tc
]M]’];])AN(;l; fralnc. ‘J’llis is  useful if yc)II ]Iavc  oII]y

a lillcar trajectory gcllcrat.or, as is illl~)lclmllt.cd  lIcIc,
l)ut want to IIIOVC ill arcs  suclI  a.< f o r  d o o r  o~)cllillg
‘J’ltc ar]l)  allglc is  ako gmlcratcd as l,art c)f t)lc trajec-
tory.

Joitlt trawl lirllitill~;  l)rovidw alI ar t i f ic ial  l)otcrltia]
field  at tllr CIId of travel lilllits 011 r-aclI joint. ‘J’llis field
is tllcll IIIa~)l)cd to tlIc  IIlotio]l  sl)ace to resist o~)erator
COllllllilll[l S that exceed joint litllits. \\ ’llilc tllc l o c a l
site lmtl I l)lallIler CaII ])rcdict aIId avoi(l  joint lilllits ill
i ts  COIIIIIIii  IId S, c)ftcll tlIc  oj)crator callllot. ‘J’l Ic joint
t ravel  lilllititlg scllsor resists this ll-lotio]l so the c)l)cr-
a t o r  dors IIclt itlduce a  fault,  collditioil  tvllicll  \vould
illtcrrul}i  tllc currctlt task. Sitllilar  to tllc joint t r a v e l
lilllitill~ I)c]lavior  is  tlIc l~cl)avior  }vllicll lilllits IImti(,ll
iII tile ]Ilalli]julator worlis])ace sillglllar  rc~io]ls.  lllfor-
Ilmtioll ill joint sl):icc  or  IImtioll  s])acc  al]out tlic sirl -
g~)ltir  rc$iolls is required. ]’or tllc ]{ol,otics l{cscarcll
K-1207  ar]ll IImtioll  sl)acc illforlrlfitiofl  at]out tile loca-
timl  d singularities is used  froln [19]. %IIIC sillp;ular
rcp,iotls  a r c  qllalitativc]y locatecl at joint lilllits; tlIcsc
arc take]) care  of  IJY the  ahovc l)chav ior.  otltcrs arc
locatrd at col]figllratic>lls  lVIIrII tllc scvcIItl  I joiltt fraloc
is  witllill  ().2 IIlctcrs cm l)cyolId  1.1 Ilwtcrs of tlic first
joint fralllc, ‘J’]Ius  i f  Ilo]’zll >  1.1 IIlclcrs tllcll

or if []()}’TII  < 0.2 IIlctcrs tlIcvI

~~ll~r~  ‘~’siflgtlfarity  is tllc  gflill  for  tllc sillg~llar  r~gi(:)ll
“’@tio”lj  is tllc r ig id  l)ocly trallsforlnati{~)lavoidance, ~

I)ctlvecll  tllc joint 7  fraIlm  alId  tllc Il}dioll sl~ace co
c,rdirlate systctll. l’a,t,,~l  i s  tile actllril currc~lt  I,crsi-
tio]l  of tllc joitlt scl’clI frarllc, fiOCf,,  OI is ut]it  vector irl

tllc dirrctioll o f  l’dc~,, OI, and ~’si~).gvlarily  is tllc sXw-
lar rcgic)ll avoidance  bchavioi colllrllalld irl tllc lllc)tio~l
s])acc. Nc)tc that if tllc IIlallil)u]ator is ]Iot IIcar a sitl-

glllar rcgic]ll tllcrc is 110 collllllalldcd  IImtio[i  froll]  this
I,cllavior.

Olllcr I)cllavicms  call  a l s o  l~c added ci(llcr a s  lIo
sition illl)uts  cjr f o r c e  itll)uts. ‘1’110 joitlt travel limit,
tr:tjcctc)ry  gcrlcrator, fc,rcc co~lt rol, riIId tclcc,~)crat  ion
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‘JIIc  co~ttro]  SCIICIIIC for col)cl!rre))t.  ])ehaviors rllcrg;-
illg  has l)mI dcvclo])cd for sl)acc flight al~~)licatiolls.
‘J’llcrcfore  i t  a s  IICCII ilnl)lcirlclltcd  wit]l a fixed  soft-
w a r e  systcIII as dcscril)ed 1) C1OIV ill Scctiol] 6. AII addi-
t imlal  fcatore w)licl] is JICCCSSi~r~ for cxcclltiort oft asks
ill a rc~lmtc  sJ)acc  cllvirc]ltlmllt  i s  I) OUII(ICCI Iw]lavior
colllrc)l  cxccutio]l. “J’IIc IIlulti])]c  co]lcurrclli l)c]~aviors
arc Ilicrgcd t,cjgctllcr  to gcllcratc tllc resul tant  llcl  I.av-
i o r .  ‘J’)tis rcsultaltt l)cllavim  II IIISt tl)cr} })c ]Jm)litorcd
d~lrill~  C~[:cllt,ioll to Itlakc s u r e  t h a t  il stays witllill

sl)ccificcl  lJOIIIId  S for safety. ‘J’tlc local s i t e  call  l)lalI
t a s k s  and sirllulate tllc cxccutiol!  c~lI a  local  silollla-
t o r ,  l,ut call)]ot IM2 s u r e  of iJJc ]J]c)iio]] g;e]lcratcd  )y
rca-till)c  scIIsor l)rrscd IIlotioll. ‘lb clisure safety tile
]ocal site ca)i sl,ccify alId  ver i fy  saf~:ty of t~ls~s wllicll
cxeclltc withi]l sImcificd  lIoul  Ids. ‘J’IICSC  lK)IIIIdS  ~nay

illclode tltc difl’crctlcc  l)clwccl]  tllc rcfcrcl~cc  trajectory
aIId t IIC actual t ra jectory,  fc)rcc t)lrcsllolds, alId ])rox-
illlity t.llrcsllo]ds. A s  loIIg as tllc. cxccutic)ll  l)rc)grcsscs
}Yitllill tlIc sl~c.cificd lIollllds, it slIollld  IJC s a f e .

‘J’lIc rtn]]til~lc  co]lcl)rrcl)t l,cllaviors colltro] SCIICIOC
drscril)c al)ovc lIris I)CCII ilt]})lelllclltcd  as dcscril)cd hc-
IO W  i[l Scctio]l G. ‘J’IIc result is a fixed  software systclll
wllicll  ]~rovidcs  a wide rallgc of I)c}laviors  for 1A cx-
ccl]timl as s])ccifird l~y cololoand  ~)aralncirrs. l;xalli  -
]JIC ]J:ir:llllctcrizatic)ll is givcll  llcrc for  var ious  tasks .
S a f e t y  IIlol]itoriltg is used for all tasks lvitll  l)arallw
tcrizatioll givcll  ill tile collllllalld  illtcrfacc.

Guarded  lmtim is llcm-ccmtact IImtioll t o  a  g o a l
l)oitlt ~vitll  auto] oatic stcq) U])OII scIIscd  collisic)]l. A
scIIscd  collisiol]  ilnI)lics  that, tllc forces wcllt  out of tllc

accq)tal)]c ))ou IIcl crIl tllc fore.c IJcllav  ior. ‘J’lIc COIIl-

lIIrInd  l)ar:il[lctcriz  atioll specif ics  a  goal  ~)oillt and a
tillm to rcacll tl)crc and tllc illll~cdal[cc  l,araIoctcrs,
Af,  I\, and K. Also, tlIc force  thresholds  arc  sl)cci-
fid.

A  hlovc ‘Jb ‘J buclI  I)c]lavior is  cxecutcd a s  a  sc-
qIIcIicc  of two il!dividllal  ])chaviors.  ‘J’lic first behavior
is (;uarcled hfotioll to a l)oirlt ilisidc c,f tlIc surface to
I)c toucllcd, (kllisioll wit]} tllc ol)jcct i s  s e n s e d  hy a
f o r c e  ll~ollitor  aIId tllc ]ootioll is  stolll)cd, ‘J’lIc IIcxt
CO~IIIIIa  IId agai~] IISCS tl)c Al, J), altd A’ iln~da~lcc ~la-
ralltct.crs .aIId trajcckry gcllcrator  f o r  I[lotiol], ‘J’IIc
arlll II IOVCS  t)ack  toward wllcrc tllc }Ircvious  cc)]lllrlalld
s tar ted Illltil tllc coIItact force IIlagllitudc is less tllall a
g;ivcr] tllrrxllold, al)o~’c a safety t IIrcsl]old, or tllc arltl
IIas ret urllcd to that  initial l)oillt. hlrmitors f o r  l o w
:iIId IIip,ll force tllrcsllolds a r c  !Iscd a s  Jvcll a.s {estill~
for tcrtllitlatioll of tllc t ra jectory.

l’or sllarrd colltro] l,olisllit]g, tclrw])cratioll  itl~)uts
a r c  used  irlstcad c)f tllc t r a j e c t o r y  ~,ellcrator. ‘J’lIe

‘J’l; l,l;ol” fralllc i s  sl)ccificd  to ~Jc al tllc cclltcr o f
a  f l a t  ])c}lisllillg toe)] lIcld  l)y tllc ll)alliJ)llliitor, ‘J’IIc

tclcol)eratioll dallll)i]lg;  IIlat]-ix,  11~, is s}~ccificd so tl, at
tltc o]wratc)r  calI itll)ut Illotio]l  oIIly  taligclltial to tllc
l~olisllitlg  tool surface aIIcl al)ollt tllc tool sllrfacc llor-
JIIal (llIc dia~;ollal  IIlatrix IIas  zeros f o r  tllesc 1)01’’s).
lIIII)dalIcc  l~:irarllctcrs M alId  11 arc sllccificd but t h e
stifftlcss K is set to zero to alloiv  (Iircct  force coljtrc,l.
‘J’IIc refcrcl)cc forces arc set to zero Cxccljt  for a]orlg
t)Ir Z axis  of  tl]c 10 JIC; J; frarnr (}~llicll IIzis its X-Y
l)laIIr  tllc salllc as tlic t o o ]  sllrfacc) lvllicll  IIas  a IIcg-
ativc sct}~oillt  so that a co]istallt force lvill I)c all])licd
t o  tllc sllrfacc. If tlIe s u r f a c e  i s  cllrvcd,  tllc collt:tc.t
IJoitlt JIIay ]]ot l)e tl)c  cc~ltcr of tllc l’oll(~l; fralllc rc-
sultitlg ill a  gcIlm-atcd  lllcasurcd actlial torque wllicll
w i l l  result ill a rotatiorl to  Clilflillate tllc torqllc. ‘J’IIc
clcallil[g t o o l  ~~ill tllcreforc IIlailltaill its Cc]ltcr  at tllc
ml]ltact lmillt  wit.11 tlIc s u r f a c e  a s  tlIc  ollcrat,or II~ovcs
tllc too]  talig;cllt  ial to the surface.

‘J’]Ic d o o r  c)l~c[li!lg  l)cilavior  call  IW sl)ccifird swr-
cral diffrrc]lt \vays.  ‘J’}Ic })l)r})oscly ~cl]cratcd ~Ilotic~Il
SIIOIII(l  I)c al)ollt tllc IIillgc  a x i s . ‘J’llis ~Imtioll call  l)c
c a u s e d  t)y tllc t ra jectory gcllcrator,  tclcol)cratioll ilb
i)llt, or force control. ‘J’lIc c a s e  \vllcrc  t]lc lmnitlal
IImtimf  is p,c]tcratcd  willl  t IIc t r a j e c t o r y  ,f;c~lcrat,or is
dcscril)cd IIcrc.  ‘J’IIc IIolnitlal  lmtiml frarllc i s  l)la{cd
SIICII that its Z axis is aligtlrxl  \vitll  tlic }lillgc axis.  A
OIIC 11o1’”  InotioIl  til~out tllc Z a x i s  i s  tlle]l sl)cciflcd
t o  rcslllt it) a rcfcrcl~cc  t r a j e c t o r y  that }vill IIIOVC tllc
d o o r  t]lroup,ll  tllc cxl)cctcd  a r c .  ‘J’l Ir- lhll’1’;l)AhT(31(;
frallw call I)e ~)laccd coillcidcllt  }vitll tllc IIoli]irla]  lIICJ
tioll fralllc or a t  tllc grasl) ~joitlt.  \\’itll tllc M, J\, and
A’ ilnJdal)cC  })arar]]ctcrs  ii]]  s~)ccificd,  tllc ]Ilotioll  w i l l
follow tile desired trajectory }vitlj a sIIlall  rcsultalit er-

ror ill ]msitiwl }vllicll is tllc tjalallcc l)ctJ~ee~l tllc forces
F;e]]cratrd  dllc t o  tllc it)accuracy ill tllc I)lalIIId tra-
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jectory aIId tlIc s t i f f n e s s  tcrlll.

‘J’llc data drivel]  mcrgirlg o f  concur rcrlt Ileltaviors
f o r  a rdulldzrlli II]rrllil,ulatcm  IIa.s hecn clcvclol,cd  a s
l)art c,f (,IIc S])ac.c Stat,io]l  lkdo~o AclvaIIcccl  l’mto
ty})c lkvck,])]llmlt l’reject for control of SIJace  Station
lll:itlil)tll:ttc~rs.  ‘1’lIe  dcvck)])IneIlt  at]d  ifll])lcl[lclltatioIl
l)it~ I)CCII  do]lc  ill tllc J ] ’ ] ,  S~l~)mvisory  ‘Jklcrcj],otics
(S’1’1;1,1;1{)  lal,oratory. ‘J’llc S’J’I;I, II;l{ la}) telcrol)c)t
systclll is coIII])oscd  of a local s i te  where t a s k  coll]-

]Ilallds arc s~jccificd  l)y alt or)crator \vitli  a  p;ra~~llical
i n t e r f a c e  and a re.lmtc site wllcrc tl)c colnlna])ds  arc
cxccutcd. ‘J’ltc rcvnote  site was devclq)d to I)c al]lc  to
execute )t]ultil~lc  concurrent l)cllilvi  Ors as dcscrild l)y
l o c a l  s i t e  collilnalid  I,araTllctcrizatic)ll, and lla.s l)ccl[
illl})lcllwllted  ill A d a  to lw consist c;lt }~rit,ll lal]p;uaF;c
collstrai]l(s f o r  Sl)ac.c Statiol) systelm. ‘J’llc systcll}
currcllt Iy uses a seven l)O1; l{ol]ot  ics liwcarcll (;cmlm
ratio)) K- 1907 clcx(rolls IIlalli])lllator  will)  a s i x  1)01’
l,olil~ force-torqlle scllsor at tlIc lrrisL  allcl a scrvocd

gril~l)cr  as slIcnv II ill figure ‘2, wllcrc lIIC cmltrol  systclll
is used to IJcrfor]ll  all orl)ital rcr~lacclllcllt  unit cllal Igc-

ollt task.  AIILOIIOIIIOUS COIIIIJIa  IId S a r c  gc]leratcd  }vitll

tl[c local  site sys(clll and Scvit for  cxcclltioll at tllc rc-
IIlot c site. l“or tclrq)cratioll a~ld sliared cc)llt ml  tasks,
tlIe o}~crator  uscs a six lX)lr llalld colltrc)llcr. ‘J’llc sys-
lC]II is illll)lcllm)ttcd ill a five CI’11  68(120/6S881 cllvi-
rollllwl)t and gellcratcs joirlt ])cxsitiol] COIIIIIIfil  IdS cacll

2.fi IIIS }vllicll a r c  sctlt to  tIIc IIlallllfacturcr colltro]lcr
w]licll  suJ~})lics (Ilc jc)illt  servo colltro]. lrigure 3 sltows
cxl)crillwlltal results o f  a colll  act task. ‘J’l]c gril)~)cr
was irlitially several cclltilnctcrs ;il)ovc  tllc surface. l)i-
rect force colltrolj  as cxl~laitld ill %ct ion 3 was usd
(1)0 t r a j e c t o r y  gcl]cratio)l  (Xr) was llscd), ()],ly t h e
]Ilass,  M (50 irl Z), ancl dal]l~)i]lg,  li (2250  itl X), tcv-lr]s
of  illl)]cdallcc control ~vcrc used; tllc stiflllcss, K, tertll
was  set to zero. ‘J’l  Ie fore.c set ~joillt,  lJj. , ~vas set tc) -5 N
ill tllc INII’l;I)ANT(;I;  fra~nc. ‘J’lIc force error caused
]Imtioll  ill Z to colltactl rrlld Illclj  tllc fol-cc crrc>r \vas
rcduccd tc) zero result,  ilg ill a 5 N stalllc co]lt act force.

l’igllrc 2: l{cdlllldallt l)]al)i~jlllator l)orfortlliilg orl]ital
rel~lacmtmllt  Ilrlit cl)allgc(,llt

(i ? 4 6 8

‘1’i~ne (sees )

7  (:ollclusions

A  cmltrcd  arcl)itcc.turc  f o r  d a t a  drivel] IIlcrgitlp; c,f
col}cllrrcllt cc)lltrol  lwllaviors  IIas Iwel) devclol)d arid

l’igl]rc 3: (k)rl tact task  Jvitll L N forcr sctj,oit)t
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